We report on laboratory experiments designed to investigate the affect of pore pressure 2 oscillations on the effective permeability of fractured rock. Berea sandstone samples were 3 fractured in-situ under triaxial stresses of 10's of MPa, and deionized water was forced through 4 the incipient fracture under conditions of steady and oscillating pore pressure. We find that short-5 term pore pressure oscillations induce long-term transient increases in effective permeability of 6 the fractured samples. The magnitude of the effective permeability enhancements scale with the 7 amplitude of pore pressure oscillations, and changes persist well after the stress perturbation. 8
Introduction 19 20
Fluid flow in Earth's crust shows a strong sensitivity to dynamic stressing [e.g., Manga 21
and Wang 2007] . The passage of seismic waves can increase both the frequency of geyser 22
eruptions and the local rates of stream flows [Rojstaczer and Wolf, 1992; Muir-Wood and King, 23 1993; Manga and Brodsky, 2006; Manga et al., 2003; Manga and Wang 2007] . Seismic waves 24 can also temporarily enhance oil production and spring discharge [Beresnev and Johnson, 1994 ; 25 Roberts et al., 2003; Manga et al., 2003] . Dynamic stresses associated with the passage of 26 seismic waves have also been observed to cause transient changes in water well levels [Coble, 27 1965; Brodsky et al., 2002; Elkhoury et al., 2006] . 28
These observed flow phenomena have been suggested to result from transient changes in 29 local permeability due to the dynamic shaking [Manga et al., 2003; Manga and Brodsky, 2006 ; 30 Doan et al., 2007] . Dynamic stresses in the elastic waves can produce 31 large oscillations in pore pressure that appear to drive these permeability changes [Brodsky et al., 32 2003 ]. In addition, dynamic stresses produced by the passage of seismic waves can trigger 33 seismicity, tremor, and other modes of fault slip, even at great distances from the mainshock 34 [e.g., Hill et al., 1993; Felzer and Brodsky, 2006; Manga and Wang, 2007; Rubenstein et al., 35 2007; Gomberg et al., 2008; Shelly, 2010] . One explanation for these triggered slip events 36 involves transient changes in fluid pressure due to flows resulting from permeability 37 enhancement in the fault zone [Brodsky et al., 2003 ]. However, the mechanism of the 38 permeability increase from dynamic stressing is not well understood for either the flow 39 phenomena or the seismic observations. The purpose of this study is to investigate the effect of 40 dynamic stressing on the effective permeability of fractured rock in order to improve the 41 understanding of these observations. 42
Elkhoury et al., 2006,
In this study, we address the mechanisms of permeability enhancement by dynamic 43 stressing using controlled laboratory tests. We produced fractures under true-triaxial stresses 44 with fully saturated conditions and then applied sinusoidal oscillations in the upstream pore 45 pressure while holding the downstream pore pressure and the applied stresses on the sample 46 boundaries constant. We measured the permeability of the sample, via fluid flow, continuouslyduring the experiment and found that the permeability after the pressure oscillations increased 48 systematically with increasing amplitude of the oscillations.
p. 3
This paper begins with a description of the experimental procedure and laboratory results. 50
We then translate the flow measurements to permeability while addressing poroelastic effects, 51 boundary conditions of the applied loads, and issues of fluid flow in porous media such as 52 specific storage. We interpret the resulting permeability enhancements by examining both the 53 repeatability of the permeability recovery and the functional form of the relationship between 54 transient pore pressure amplitude and permeability increase. Finally, we discuss possible 55 applications of the results to field conditions applicable to reservoir engineering and earthquake 56 physics. 57 58
Experimental Procedure 59 60
The goal of our experiments was to measure the permeability response of fractured rock 61 to dynamic stresses created by fluid pressure oscillations. The experimental procedure consists of 62 two stages. In the first stage, we fracture intact samples within the testing apparatus while 63 flowing fluid through the samples under controlled conditions (Figure 1 ). Once the fluid flow 64 through the fractured sample reaches steady state and flow rates at the inlet and outlet are the 65 same, we examine the role of dynamic stressing on effective permeability of the samples in the 66 second stage of the experiment. We measured fluid flow rates independently at both the inlet and 67 outlet of the sample (Figure 2) , and all stresses, strains, fluid pressures and fluid volumes were 68 measured continuously throughout the experiment. Digital data were collected with a 24-bit A/D 69 system recording at a rate of 10kHz and averaged to rates of 10Hz. The testing apparatus 70 consisted of a pressure vessel within a biaxial load frame (Figure 1) . A true-triaxial stress state is 71 achieved via two loads applied through the pistons and the confining pressure. Each stress is 72 controlled independently via a fast-acting servo controller (for details of the apparatus see 73
Samuelson et al., 2009 and Ikari et al. 2009). 74
Each experiment started with an intact, pre-saturated, sample of Berea sandstone (Figure  75 2a). We chose Berea sandstone because: 1) it is homogeneous, which allows reproducible results 76 on multiple samples, 2) it is considered a representative reservoir rock and its properties are well 77 characterized [e.g., Wang, 2000] , and 3) it has a relatively high permeability that is important in 78 ensuring reasonable durations of the experiments.
( Figure 3a) . The blocks were jacketed in a latex membrane and placed in the direct shear 81 configuration (Figure 3b ). Horizontal and vertical pistons together with a confining pressure 82 loaded the sample. For all experiments, the normal stress across the eventual fracture plane was 83 held at 23 MPa and the confining stress was set to 9 MPa, so that the effective normal stress was 84 between 19 and 21 MPa, depending on the applied pore pressure (Table 1) . These values were 85 maintained constant during the entire experiment via servo-control. 86
The next step in our experiments was to initialize the flow system (Figure 3c ). We 87 implemented a pore pressure gradient by applying fluid pressure to the inlet and flushing the 88 system until clear fluid (deionized water) flowed from the outlet. We then connected the second 89 (outlet) pore pressure intensifier, bled trapped air, and applied a controlled pressure differential, 90 P, until the flow rate reached steady-state (i.e. equal flow rates at the inlet and the outlet). Pore 91 pressures were servo-controlled and applied via line-sources at the inlet and outlet (Figures 2 and  92 3b). The fluid inlet and outlet consisted of a narrow channel fed by 3 holes (Figure 2 ). The 93 channel was covered with 30μm nylon filter paper to avoid clogging. 94
Pore pressures, Pp, at the inlet and outlet were servo-controlled independently. We 95 measured inlet and outlet flow volumes, to a resolution of 5.1x10
-5 cc, via linear variable 96 differential transformers (LVDTs) mounted on the intensifier pistons. The mean value of Pp was 97 ~3.0 MPa with pressure differential, P, of ~ 0.3 MPa (Table 1) . The amplitude, A, of the Pp 98 oscillation ranged from 0.02 to 0.3 MPa. We applied multiple sets of oscillations during a given 99 experiment ( Figure 4) . 100
Permeability was inferred via Darcy's Law 101
(1) 102 where k is the effective permeability of the fractured sample, μ is viscosity of water, L is flow 103 path and S is the cross-section of the sample and the nominal area of the eventual fracture plane. 104
As long as the flow rates at the inlet and outlet of our sample are equal, the measured changes in 105 flow rate represent changes in effective permeability, because P, sample volume and water 106 viscosity (i.e. temperature) remained constant. In the data presented below, we always verified 107 that inlet and outlet flow were equal within the measurement resolution.detailed above and after pore fluid flow had reached steady state. Control experiments were also 110 completed in which we applied pore fluid pressure oscillations to the intact sample, and these are 111 presented below. Shear load was applied by advancing the vertical piston in servo-displacement 112 control at 5 μm/s, which increased stress on the top of the L-shaped block (Figure 3d ). Figure 5  113 shows details of a representative experiment, with shear stress and permeability plotted as a 114 function of the load point displacement during fracture development. The permeability values 115 shown in Figure 5 are derived from the average flow rate computed at the inlet and outlet. We 116 use measurements of the force applied at the top of the sample to compute shear stress on the 117 eventual fracture plane, which has a nominal area of 2.2x10 -3 m 2 . Permeability is approximately 118 constant until a small stress drop at a shear stress of ~20 MPa and then begins to increase with 119 further loading. Significant inelastic yielding begins at a displacement of ~ 9.2 mm, and 120 permeability shows a sharp increase at that point. The sample fractured at a shear stress of 32 121
MPa, which was a consistent observation for each experiment (Table 1) . A loud acoustic 122 emission and a sudden drop in stress accompanied the mode-II dominated fracture (Figure 5c ). 123
These were also consistent observations for each of our experiments. Figure 5b of the sample. We discuss storage effects related to transient oscillations of pore pressure more 133 fully below, but for now we simply note that our experiment protocol and testing apparatus are 134 capable of resolving both subtle and significant changes in storage, effective sample 135 permeability, fracture development and strength. 136
After fracturing of the sample, we stopped loading and maintained a constant position of 137 the vertical ram. This point occurs at a displacement of 10.4 mm in Figure 5 . This concluded the 138 preparatory or first stage of the experiments. At this point we waited until steady state flow (i.e.constant permeability) was re-established before proceeding, and then commenced dynamic pore 140 pressure oscillations (Figure 3e ). We imposed sinusoidal pore pressure oscillations of varying 141 amplitude while maintaining constant period and duration (20 sec and 120 sec, respectively). In 142 order to isolate the effect of amplitude, we keep the frequency and number of the oscillations 143 constant for all of the experiments reported here. For this set of experiments we used a period of 144 20s period, which is representative of seismic waves. Future work should explore the effects of 145 oscillation frequency and duration. We refer to each set of six oscillations as a single dynamic 146 stress test, and each point in Figure 4 represents one such test. 147
We measure the effective permeability of the fractured sample, which includes the matrix 148 permeability of the unfractured sample. The effective permeability, k, is used as an interpretive 149 tool to monitor the response of the fractured sample to the pressure oscillations. The fracture we 150 produce, in situ, is a complex natural shear fracture containing a combination of mode II and 151 mode I segments. While we do not observe the fluid flow path directly, comparison of the pre-152
and post-fracture sample ( Figure 5 ) and the permeability data gives a good indication of the 153 fracture flow and permeability. We measure the effective permeability, k a , by calculating the 154 flow rate over a 2 sec window ( Figure 6 ). For pore pressure oscillations, we start 10 sec after the 155 oscillation. to ensure that permeability measurement is not affected by the Pp oscillation and/or 156 by storage effects, which we address more fully below. 157
The detailed results presented here (Table 1 ) are a subset of experiments performed on 22 158 samples. These additional experiments are not part of our main data set, but were important in 159 developing the protocol for our experiments and thus merit a few comments. We explored the 160 use of smooth artificial fractures produced between two rock surfaces that were prepared by 161 cutting and grinding samples of Berea sandstone. Fracture surfaces were surface ground flat and 162 then roughened with #60 grit SiC polishing compound. Fluid flow rates along these surfaces 163
were very fast and we were unable to observe reproducible permeability enhancement, even at 164 the lowest P values we could achieve (~ 50 KPa). The second set of tests considered natural 165 shear fractures, as described in the primary suite of experiments, except that we applied flow-rate 166 boundary conditions at the inlet/outlet and measured the differential pore pressure. This approach 167 was feasible, but not optimal because of the finite fluid volume available from our pressure 168 intensifiers (~125 cc, see Samuelson et al., 2009 and Faoro et al., 2009 for additional details).
Results of these additional tests were otherwise consistent with the main set of experiments, 170 which we focus on below. 171 172
Results 17174
We present detailed results from experiments on four samples, which were each 175 subjected to multiple sets of Pp oscillations (Table 1 Table 1 provides details on the sample strength and fracture parameters, which gives 180 a sense of reproducibility between the complex natural fractures we developed in the samples of 181
Berea sandstone. Table 1 where the slope m is 2.1 with a 95% confidence interval given by the range 1.7 to 2.5, the 219 constant f is 1.67 with a 95% confidence interval given by 1.5 to 1.8 and a goodness of fit 220 measured by an R 2 =0.7. Equation (2) is used because it is simple and consistent with the 221 experimental data. However, it is only valid for the range of amplitudes in pore pressure 222 oscillations considered in our experiments. We explore the permeability fit beyond the 223 experimental conditions in section (4.3). 224 Figure 8 demonstrates that effective permeability as defined by Equation (1) is a well-225 defined quantity, despite details of the complex flow structure in the sample. The proof that the 226 effective permeability is useful in a comparative sense is simply the reproducibility of the 227 normalized permeability results of Figure 8 . If our measure of permeability were poorly defined, 228 then Equation (2) would have no predictive power for the laboratory experiments, which is 229
clearly not the case. 230
Transient Permeability Enhancement and Decay 231
To the best of our knowledge, the transient increases in permeability reported here 232 provide the first consistent experimental evidence of flow enhancement by pore pressure 233 oscillations. We observe step increases in permeability upon oscillatory forcing, followed by 234 gradual recovery (Figure 7 ) akin to that observed in natural systems (Figure 9 ) [Elkhoury et al., 235 2006] . Furthermore, the magnitude of our observed permeability enhancement increases 236 systematically with increasing amplitude of the pore pressure oscillation (Figure 8) . 237
The decay of permeability toward background levels, following oscillatory forcing is of 238 
2). 245
We probed the effect of fracture complexity and gouge development on transient 246 permeability enhancement by progressively shearing the fracture after it was formed (Figure 11) . 247
Shear offset of the fracture decreased the effective permeability significantly as indicated by the 248 region marked by the dashed line in Figure 11 . These data support the idea that most of the flow 249 occurs within the fracture zone, rather than in the sandstone matrix. In the other experiments, the 250 samples were sheared immediately after fracturing, which further reduced permeability and 251 therefore lowered the reference permeability. 
Potential mechanisms of permeability enhancement 256
The increase in permeability induced by oscillatory pore pressure can be explained by a 257 number of mechanisms. We focusing on: 1) microfracturing and shear and 2) 258 clogging/unclogging of fracture flow paths. In the first mechanism, the oscillation of the stress 259 field due to the change in effective stress from the pore pressure oscillations results in 260 with larger effective permeability than prior to the oscillations. As dynamic stressing vanishes, 266 permeability of the system is recovered due to clogging of the fracture mediated by diffusive 267 processes and settling of fine particles [Bear, 1979] . Below, we detail four experimental 268 observations that favor the mechanism of unclogging mechanism over microfracturing for the 269 laboratory experiments: (1) the recoverability of the permeability state, (2) the dependence of the 270 permeability enhancement on the initial permeability of the sample, (3) a lack of permeability 271 increase for unfractured, intact samples and (4) a lack of observed normal stress oscillations. 272
As demonstrated in Figures 7 and 10 , permeability returns to pre-oscillations values over 273 a period of 10's of minutes after the oscillations. This recovery requires a reversible mechanism, 274 like unclogging of fractures, as opposed to a permanent change of the matrix properties, like 275 microfacturing. If an irreversible mechanism like microfracturing were responsible for the 276 permeability enhancement, then an additional mechanism of unusually rapid healing would be 277 required to account for permeability recovery. 278
The importance of the initial permeability, k ref , in predicting the permeability changes, 279 reflected in the collapse of all data points in Figure 8b onto the same curve, indicates a strong 280 memory in the system. It implies that permeability enhancements after a given period of dynamic 281 stressing are not affected by previous excitations, as would be expected for the formation of new 282 pathways by microfracturing. Instead, the degree of permeability enhancement is controlled by a 283 parameter that directly measures the propensity for flow suggesting a role for fluid flow in 284 directly controlling the subsequent structure. 285
We also performed experiments on intact rock samples of Berea Sandstone (Figure 12 1% of the total effective normal stress. Moreover, we impose the dynamic stressing through pore 295 pressure oscillations around a constant pre-oscillation pore pressure value. Hence, the average 296 effective normal stress during the oscillations is the same as the background stress. This lack of 297 normal stress oscillations in the solid matrix makes failure through microfracturing unlikely 298
[Townend and Zoback, 2000; Nemoto et al., 2009]. 299
Taken together, our observations strongly favor clogging/unclogging as the potential 300 mechanism for transient changes in permeability. However, there is one potentially conflicting 301 observation. If particle mobilization is controlling permeability, either clogging or unclogging of 302 fracture throats should be possible. Therefore, we could potentially observe either permeability 303 increases or decreases. For our full suite of experiments, only one occasion of dynamic stressing 304 in 50 produced a transient decrease in permeability. The sign of shaking-induced permeability 305 changes could vary with rock properties and fracture characteristics. Additional work to explore 306 this aspect of the experiment will require significant technical enhancements to the experimental 307 setting to directly monitor particulate flow and thus is beyond the scope of this paper. 308
Based on the current evidence, we conclude that unclogging is the mechanism that best 309 explains our experimental observations of permeability increase by pore pressure oscillations. It 310 is consistent with a larger number of the observations than the alternative mechanism of 311 microfracturing. 312 313
Poroelastic Contribution of Storage 314
Apparent changes of permeability could be produced by transient storage in the sample. 315
In principle, a release of fluid trapped within the sample could mimic an effective permeability 316 increase. However, in our experiments storage effects were small as indicated by comparison of 317 the input and output flow (Figures 6 and 7) . Given the importance of this point, we now evaluate 318 the contribution from such poroelastic effects and quantitatively demonstrate that they are not 319 controlling the inferred effective permeability increases. We calculate the volume of fluid 320 released from storage in the sample during and after an applied pore pressure oscillation basedon the measured poroelastic properties and compare it to the volume of fluid involved in the 322 inferred effective permeability increase. 323
In order to measure the specific storage of the sample, we first calculate the hydraulic 324 diffusivity based on the observed time lag of the outlet flow relative to the inlet flow. The 325 average time delay, T, between maxima in the inlet and outlet flow rates during pressure 326 oscillations is 2 seconds (Figure 6c ). Given the flow path length scale, = 2 , of 49.4mm 327 (for the case of experiment p1605), we obtain diffusivity = 3.05x10 -4 m 2 /s for the fractured 328 sample. The specific storage, S s , defined as [Wang, 2000] 329
is S s = 3.28x10 -9 Pa -1 , for a permeability, k, of 10 -15 m 2 ( Figure 7) . 331
We verify this poroelastic specific storage value by checking the inferred volume release 332 during the experiment (Figure 6 ) with the direct measurements of fluid flow. For this example, 333 the amplitude of the pore pressure oscillation is 0.3 MPa (Table 1) . Therefore, the fraction of 334 stored volume is S s =3.28x10 -9 Pa -1 x 3.00x10 5 Pa= 9.83x10 -4 . Given the sample volume of 335 6.05x10 -5 m 3 , the resulting inferred volume released is 5.95x10 -8 m 3 . This inference is consistent 336 with direct measurements of the total volume difference of 5.18x10 -8 m 3 between the inlet and 337 outlet fluid volume. On the other hand, the integrated volume of fluid during the 15 minutes of 338 permeability recovery, immediately after the cessation of the pore pressure oscillation, at the 339 inlet and outlet is 7.04x10 -6 m 3 . This volume is orders of magnitude higher than the storage 340 volume released and cannot be accounted for by poroelastic effects. Moreover, the poroelastic 341 response is dissipated within the first 4 seconds after the culmination of the dynamic stressing. 342 This is well within the window (10 sec) that we omitted from the analysis (Figures 6 and 7) . 343 344
Permeability Recovery 345
Because we are interested in the permeability response to pore pressure oscillations, we 346
focus on values of permeability before and after oscillations ( Figure 7) ; however, the 347 experiments contain additional information. Figure 10 shows the permeability recovery after 348 dynamic stressing for two sets of pore pressure oscillations in one experiment. These data allow 349 evaluation of the natural variability in peak permeability enhancement and in recovery among 350 the repeat tests conducted in each experiment. Although there is some variability, the data are 
Flow-driven Permeability Enhancements 361
Our data indicate an exponential relationship between permeability enhancements 362 (Equation 2) and the amplitude of the applied pore pressure oscillation. The exponential 363 relationship means that permeability increase is proportional to the pre-existing permeability for 364 the fractured samples. The easier it is for water to flow through the fractured sample, the greater 365 the permeability increase. This dependency suggests that the mechanism for permeability 366 enhancement may be water flowing through and opening up the fractures. For instance, if the 367 water flow is removing fine particles in the fracture and thus opening up (or widening pathways) 368 new pathways, we might expect that the cross-sectional area of the fracture cleaned would be 369
proportional to the ratio of the excess flow rate over the background flow. In this case, the 370 effective permeability increase would also be proportional to the excess flow and thus 371 372
where k f is the permeability in the fracture and u f is the excess flow in the fracture. According to 375
Darcy's Law, for a fixed path length 376 377
where A is the amplitude of the imposed pressure oscillation. Combining Equations (4) with (2) 380
and integrating results in 381
as observed. The consistency means that a flow-driven mechanism for permeability 385 enhancements is concordant with a flow-rate threshold for permeability enhancement. 386
Micromechanically, this flow-rate threshold could be generated through mobilization of fine 387 particles. 388 389
Permeability Fit Beyond the Experimental Conditions 390
The fit of Equation (2) used in Figure 8b was restricted to a logarithmic relationship. 391
However, it is only valid for the range of amplitudes in pore pressure oscillations explored. In 392 particular, the relationship is problematic for very small amplitudes. If A=0, Equation (2) where a=0.7 and b=1.7 are fitting constants and goodness of fit given by an R 2 =0.88. The 400 opposite limit of a larger value of A relative to P is more problematic. In their present 401 simplified form, neither Equation (2) nor Equation (7) extrapolates successfully to the field data 402
of Elkhoury et al., 2006 . In the field A/ P = 10 3 , where A is the amplitude of oscillatory strains 403 provided by seismic waves and the pressure differential P is that of the Earth tides. In contrast, 404
A/ P = 10 -1 for the experiments presented here. An extrapolation of Equation (7) to the field 405 observations predicts k/k ref ~1000 rather than k/k ref = 3 or 4 as observed [Elkhoury et al., 2006] . 406
One alternative is that the P dependence is incompletely captured by the current experiments as 407 the current work explored a range of values of A, not P. Another alternative is introduced by 408 the fact that the field system is clearly more complex than the small-scale laboratory samples. 409
The multiple fractures and highly heterogeneous matrix likely have different composite behavior 410 than a single fracture [Doan et al., 2007] . For now, we note that either Equation (2) or (7) 411 successfully explains laboratory data showing permeability enhancement by dynamic stressing.
Conclusions and Implications 413 414
We observe systematic increases in effective permeability due to dynamic stressing 415 produced by pore pressure oscillations. We used relatively small peak pressures (10 -2 -10 -1 MPa) 416 and found effective permeability changes of up to 50% in a fracture-dominated system. Our 417 results show that: 1) effective permeability enhancements can be reliably and reproducibly 418 induced by pressure oscillations in the laboratory, 2) accurate prediction of the effective 419 permeability changes requires normalization by the initial permeability of the system, indicating 420 a memory of the initial state of the system, and 3) oscillating the pore pressure results in a 421 logarithmic enhancement, under the experimental conditions considered, which is consistent with 422 a flow-driven mechanism. Mobilization of fine particles and associated clogging/unclogging of 423 the fracture flow path appear to explain most of our laboratory observations. 424
The effects of dynamic stressing show that permeability is a dynamically controlled 425 variable. Our result has consequences ranging from hydrology and oil reservoir engineering to 426 geophysics and earthquake triggering mediated by permeability enhancement in fault zones due 427 to shaking from near and distant earthquakes. Pa s, is used in Equation (1). Here, time=0 corresponds to the point at which the sample fractured. Dashed vertical line shows when fracture was sheared for 600μm at a rate of 5μm/s (see Figure 11 ). Boxed region denotes data shown in Figure 10 . 
